Background: Legionella governs pathogen-host interactions by translocating ϳ300 "effector" proteins through a type IV secretion system. Results: The hitherto unrecognized effector LppA is a phytase that counteracts intracellular bacterial growth restriction by phytate.
Legionella spp. are ubiquitous water-borne bacteria that colonize diverse environmental niches, including biofilms, plant material, and protozoa (1) (2) (3) (4) . In free living amoebae and mammalian phagocytes, Legionella pneumophila replicates within a "Legionella-containing vacuole" (LCV), 4 employing the Icm/ Dot type IV secretion system (T4SS) and ϳ300 different "effector" proteins (5-7). Some L. pneumophila Icm/Dot substrates target and subvert pivotal regulators of eukaryotic signal transduction and vesicle trafficking, such as small GTPases (8 -13) or phosphoinositide (PI) lipids (14 -16) . Several Legionella effectors anchor to the LCV membrane by specifically binding to the phosphorylated phosphatidylinositol (PtdIns) headgroup of PI lipids, namely PtdIns(4)P (17) (18) (19) (20) (21) (22) and PtdIns(3)P (23) (24) (25) , which are implicated in secretory and endosomal vesicle trafficking, respectively. Moreover, L. pneumophila produces two non-homologous Icm/Dot-translocated PI 3-phosphatases, SidF and SidP, which might modulate the LCV PI pattern (26, 27) . SidF localizes to the LCV membrane and hydrolyzes in vitro the phagosomal/endosomal PIs PtdIns(3,4)P 2 and PtdIns(3,4,5)P 3 , possibly yielding PtdIns(4)P on LCVs directly or through the activity of the host PI 5-phosphatase OCRL1 (23) . SidP hydrolyzes in vitro the endosomal PI lipids PtdIns(3)P and PtdIns(3,5)P 2 , thereby possibly contributing to the evasion of the endocytic pathway by the LCV. By virtue of their phosphorylated inositol headgroups, PIs bear high resemblance to phytate (myo-inositol hexakisphosphate) and lower inositol phosphates.
Phytate is used as the major phosphorus storage compound by plants and is the most abundant organic phosphorus compound in the environment (28 -30) . Protozoa also synthesize phytate, and in particular, the social soil amoeba Dictyostelium discoideum produces the compound in millimolar quantities (31) (32) (33) . Phytate is rather inert, yet phosphorus mineralization is catalyzed in a stepwise manner by specific phosphohydrolases (phytases), which are produced by a wide range of bacteria (29) . The plant pathogen Xanthomonas oryzae uses a secreted phytase as a virulence factor for growth on phytate as the sole phosphate source (34) . In addition to serving as a source of phosphorus, carbon, and energy, phytate may also play a role in bacterial iron acquisition by chelating metal ions. Accordingly, Pseudomonas aeruginosa employs phytate as an iron siderophore (35, 36) . Phytate is also a prominent anti-nutrient able to complex several metal ion micronutrients, thus restricting their bioavailability (37) .
Based on their sequence similarities, phytases are classified as four different groups comprising histidine acid phosphatases, purple acid phosphatases, ␤-propeller phosphatases, and cysteine phytases (29, 38, 39) . The conserved amino acid motif CX 5 R is a hallmark of the "P-loop" (phosphate-binding) catalytic site of the prototypic cysteine phytase PhyA in Selenomonas ruminantium (39) as well as of eukaryotic and prokaryotic PI phosphatases, such as PTEN (phosphatase and tensin homologue deleted on chromosome 10), L. pneumophila SidF and SidP (26, 27, 40) , dual specificity Ser/Thr and Tyr protein phosphatases (DSP) (41) , and the triple specificity DSP/PI phosphatase MptpB from Mycobacterium tuberculosis (42, 43) .
By using the phosphatase consensus sequence HCXXG-XXRT as a search motif, we identified an L. pneumophila cysteine phytase. The phytase, termed LppA, hydrolyzes phytate and PIs in vitro and is translocated by the Icm/Dot T4SS into host cells, where it counteracts intracellular bacterial growth restriction by the chelator phytate.
EXPERIMENTAL PROCEDURES
Bacteria, Cells, and Growth Conditions-L. pneumophila strains (Table 1) were grown for 3 days on charcoal yeast extract agar plates buffered with N-(2-acetamido)-2-aminoethane-sulfonic acid. Liquid cultures were inoculated in AYE medium at an A 600 of 0.1 and grown at 37°C to an A 600 of 3.0 -3.4 (ϳ21-22 h) (17) . Chloramphenicol was added at 5 g/ml to select for pMMB207-C-derived plasmids. Murine RAW 264.7 macrophages were cultivated in RPMI 1640 medium supplemented with 10% FCS and 2 mM L-glutamine. Acanthamoeba castellanii (ATCC 30234) and D. discoideum amoebae were propagated as described (44) . 
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Chromosomal Deletion of lppA, Plasmid Construction, and Site-directed Mutagenesis-All plasmids used are listed in Table 1 . DNA manipulations were performed according to standard protocols, and plasmids were isolated using kits from Qiagen or Macherey-Nagel. All PCR fragments were sequenced.
The chromosomal deletion of lppA was performed by double homologous recombination as described (44) ; 500 bp downstream and upstream fragments were amplified by PCR using the primer pairs oRM1/oRM2 and oRM3/oRM4, respectively (Table 2) . Both fragments were inserted by a four-way ligation into a pGEM-T-easy vector with a kanamycin resistance (Kan R ) cassette in between using BamHI sites and adenosine overhangs, yielding plasmid pRM2. Clones were analyzed by restriction digestion and sequencing. The Kan R cassette flanked by upstream and downstream fragments was transferred into the pLAW344 suicide plasmid using NotI, yielding plasmid pRM3. L. pneumophila JR32 was transformed by electroporation with pRM3 and selected for Kan R and Suc S colonies. Positive clones were tested by PCR using the primer pairs oRM7/oKan3Ј and oRM8/oKan3Ј.
Translational CyaA and M45 fusion proteins of lppA were constructed by PCR amplification of the corresponding DNA. The fragments were cut with appropriate restriction enzymes and inserted into pSH97, pMMB207-C-RBS-M45, or pMMB207-C-RBS-gfp-RBS, using the oligonucleotides oCR161/oCR162 or oRM5/oRM6, yielding plasmids pSH108, pRM1, and pWS31, respectively. Translational GST fusion proteins of lppA were constructed as above with the exception that the first 16 amino acids of the LppA protein were deleted by PCR amplification of the lppA template. The lppA fragment was cloned into pGEX-6P-1 using the oligonucleotides oRM13 and oRM6, yielding plasmid pRM9.
The S. ruminantium phytase gene phyA (39) was synthesized by GenScript USA Inc. and delivered in commercial vector pUC57-Kan with flanking BamHI and SalI restriction sites. In the design, the intrinsic SalI site of the gene was removed by a silent single base substitution, maintaining the original amino acid sequence. The phyA gene was cloned with BamHI and SalI into pGEX-6P-1, yielding pWS25.
Site-directed mutagenesis of the P-loop residue C231A, K235A, G236D, or R237A of lppA ⌬1-16 was performed with the QuikChange Lightning multisite-directed mutagenesis kit (Agilent Technologies) according to the manufacturer's instructions. PCR amplification was carried out using primers carrying the corresponding point mutations to yield the plasmids pSE7 to pSE10. The methylated template pRM9 was digested with DpnI.
Vector pAK7 was constructed by PCR amplification of the complementary primers pAK7fo/pAK7re, followed by restriction digestion with BamHI/BspHI, and insertion into pET28a(ϩ) cut with BamHI/NcoI (compatible with BspHI). The plasmid pWS11 was cloned by BamHI/SalI insertion of the PCR product of oWS25 and oWS26 into pAK7.
Phosphate Release and Protein-Lipid Overlay Assay-GST fusion proteins were purified as described previously (25) . Phytate (phytic acid sodium salt hydrate) was obtained from Sigma-Aldrich, and synthetic dioctyl PI and inositol phosphates were purchased from Echelon Biosciences Inc. (Salt Lake City, UT). Phosphate release from phytate or PI substrates was assayed by a malachite green assay (protein-tyrosine phosphatase (PTP) assay kit, Sigma-Aldrich) in a total volume of 50 l/well in a 384-well plate (Greiner) at 25°C. Substrates were prepared in 25 l of assay buffer (100 mM Tris-HCl, 120 mM NaCl, pH 7.4). To initiate the reaction, 25 l of enzyme solution in assay buffer (0.05-5 g of protein) was added and mixed three times rapidly without blowing out. 25 l of the malachite green acidic dye and vanadate ion complex (mixed 100:1 at least 30 min before use) were added to terminate reactions. The 
color was developed for 20 min, and absorbance was measured at 620 nm with a FLUOstar plate reader (BMG Labtech). All values for a series were standardized against the zero reading (enzyme solution and malachite green mixed, followed by the addition of substrate solution), and 2-4 samples were used for each time point. A standard reference curve for phosphate release was generated using the 1 mM phosphate standard supplied with the kit. The products of LppA from various PI lipids were assessed with PIP-strips (Echelon Biosciences Inc.) treated with 0.5 g/ml LppA for 10 min. Membranes were washed three times for 10 min with PBS. Subsequent binding of GST-SidC P4C or GST-LpnE probes and anti-GST Western blots were carried out as described previously (17, 18) . Peroxidase-labeled secondary antibodies were visualized by ECL (Amersham Biosciences).
Detection of LppA by Western Blot-30-ml AYE cultures of L. pneumophila wild type, ⌬lppA, or wild type harboring vector pRM1 were grown overnight at 37°C to early stationary phase. Cultures were standardized to an A 600 of 3.0 with AYE and pelleted at 12,000 ϫ g for 15 min. Supernatants were decanted to new tubes and centrifuged again; this was repeated once. 5 ml of cell-free supernatants of each strain were loaded with a dot blot apparatus onto a nitrocellulose membrane under vacuum suction. The bacterial pellets were suspended in 30 ml of Tris-buffered saline (TBS), and a 1.5-ml aliquot of each was boiled for 10 min at 95°C. Cell debris was pelleted, and 500 l of lysate for each strain was loaded onto a nitrocellulose membrane under vacuum suction. The membrane was blocked for 1 h in TBS containing 4% milk powder and stained for 1 h with an affinity-purified polyclonal anti-LppA antibody (1:500; GenScript), followed by an anti-rabbit HRPtagged antibody (1:5,000) for 30 min.
Protein Purification and Crystallization-To produce LppA 21-314 for crystallization, plasmid pWS11 was transformed into chemically competent E. coli NiCo[DE3] (New England Biolabs) and plated on LB-Kan agar plates containing 50 g/ml Kan. Several colonies were picked, transferred into 100 ml of LB medium containing 50 g/ml Kan, and incubated overnight at 37°C in an orbital shaker. 4 liters of ZYM5052-Kan autoinduction medium (for protein production by autoinduction in high density shaking cultures (45)) containing 50 g/ml Kan were inoculated with 25 ml (1:40) of the overnight culture and grown at 37°C for 7 h in a large orbital shaker. The temperature was subsequently lowered to 20°C, and incubation was continued overnight. The cells were harvested by centrifugation at 5,000 rpm. Cell pellets were suspended in 100 ml of lysis buffer (50 mM Tris, pH 7.5, 500 mM NaCl, 10 mM imidazole, 10 mM ␤-mercapthoethanol (␤-ME), 1 protease inhibitor mixture tablet (Complete EDTA-free, Roche Applied Science)) and lysed on ice using three 1-min 100% amplitude sonication pulses (VibraCell sonication device (Sonics) equipped with a large preparative sonication tip). Soluble proteins were separated from cell debris by centrifugation (25,000 ϫ g, 30 min), followed by filtration of the supernatant (0.45 m).
Recombinant LppA was purified by immobilized metal affinity chromatography, followed by size exclusion chromatography, using an ÄKTA Xpress chromatography machine. The supernatant was loaded onto a 5-ml HisTrap crude FF column.
The column was washed with 20 column volumes of wash buffer 1 (50 mM Tris, pH 7.5, 500 mM NaCl, 10 mM imidazole, 10 mM ␤-ME) and 20 column volumes of wash buffer 2 (50 mM Tris, pH 7.5, 500 mM NaCl, 60 mM imidazole, 10 mM ␤-ME). Recombinant LppA was eluted with 5 column volumes of elution buffer (50 mM Tris, pH 7.5, 500 mM NaCl, 500 mM imidazole, 10 mM ␤-ME). The eluted protein was injected to a 26/60 HiLoad Superdex200 size exclusion column (buffer: 50 mM Tris, pH 7.5, 500 mM NaCl, 10 mM ␤-ME). The total yield was 155 mg of pure LppA. The protein was concentrated to 5 mg/ml using a 10,000 molecular weight cut-off ultrafiltration concentrator (Millipore) and used for crystallization trials.
Crystallization experiments were carried out at the crystallization facility of the Swiss Light Source. Crystals were obtained with the sitting drop vapor diffusion method at 293 K, using a well solution containing 40 mM KH 2 PO 4 , pH 4.1, 16% PEG 8000, and 20% glycerol. Drops consisted of 1 l of protein solution and 1 l of well solution.
Data Collection and Structure Determination-Diffraction data from a single LppA crystal were collected at 100 K on a PILATUS 6M pixel detector at the Swiss Light Source beamline X10SA using an x-ray wavelength of 1.0000 Å. The data were processed using XDS (62) to a resolution of 1.4 Å. The structure was solved by molecular replacement and autorebuilt using PHENIX (63); four molecules per asymmetric unit were found using the monomeric structure of protein tyrosine phosphatase-like phytase from Mitsuokella multacida (Protein Data Bank code 3F41) as a search model. Refinement and manual model rebuilding were carried out with PHENIX and Coot (64), respectively. The model was validated using MolProbity (65); analysis with EPPIC (66) did not find any biologically relevant interfaces in the crystal lattice. Data collection and refinement statistics are shown in Table 3 .
Translocation Assay-To determine translocation of LppA, adenylate cyclase fusion proteins were generated and used to Type IV Translocated Legionella Phytase quantify the production of cAMP in the host cell as described (46) . Briefly, RAW 264.7 macrophages were seeded at 5 ϫ 10 5 /ml into 96-well plates in a final volume of 100 l/well and incubated at 37°C overnight. The macrophages were infected (MOI 50) with L. pneumophila wild type or ⌬icmT harboring plasmid pSH108 grown for 21 h in AYE supplemented with 0.5 mM isopropyl 1-thio-␤-D-galactopyranoside. After 30 min of infection, cells were washed with PBS and lysed with 200 l of sterile water for 10 min. Lysis was enhanced by shaking the plate on a microplate shaker. Intracellular cAMP was measured by using the cAMP Biotrak enzyme immunoassay system (Amersham Biosciences).
Extracellular Growth Assays-L. pneumophila wild type was inoculated with an A 600 of 0.1 in 200 l of AYE in 96-well plate format. Three wells were used per sample per test condition. After 12 h of growth at 37°C and 600 rpm on a temperaturecontrolled plate shaker (Eppendorf), 10 mM phytate was added for 6 h to one growth set. After an additional 6 h, the bacteria were pelleted for 10 min at 1000 ϫ g and carefully suspended in fresh 37°C AYE medium. Growth on the plate shaker proceeded for another 12 h. A 600 measurements were taken with a FLUOstar plate reader and subtracted from input values.
Alternatively, L. pneumophila wild type, ⌬lppA mutant, or wild type harboring pRM1 (M45-LppA) was inoculated at an A 600 of 0.1 in 200 l of AYE in 96-well plate format. Three wells were used per sample per test condition (0 -5 mM phytate). Unused wells were filled with 200 l of sterile water. Cultures were incubated on a temperature-controlled plate shaker at 24°C and 600 rpm. Growth was measured after 5 days (A 600 ). Wild type L. pneumophila was also grown in 3-ml AYE cultures at 37°C. Micronutrient supplementation was carried out with FeN 3 O 9 ϫ 9H 2 O (Sigma-Aldrich), ZnCl 2 (Fluka), CaCl 2 (Fluka), or MgCl 2 ϫ 6H 2 O (Fluka). Phytate (final concentration 10 mM) was added to cultures at a ratio of 1:1 with each micronutrient. Cultures were inoculated in triplicate at an A 600 of 0.1 and allowed to grow for 21 h.
Intracellular Growth Assays and Fluorescence MicroscopyIntracellular growth assays under phytate load were performed with A. castellanii or D. discoideum amoebae cultured with increasing concentrations of phytate. The compound was added at 2.5 mM, and the concentration was increased every 2 days until the cells were maintained in 10 or 5 mM phytate for A. castellanii or D. discoideum, respectively. L. pneumophila wild type, ⌬icmT, ⌬lppA harboring pNT28 (GFP), or ⌬lppA harboring pWS31 (GFP, LppA) was inoculated in AYE with chloramphenicol (5 g/ml) and isopropyl 1-thio-␤-D-galactopyranoside (1 mM) and grown to early stationary phase. A. castellanii or D. discoideum was seeded at 5 ϫ 10 4 /well in 200 l of LoFlo (ForMedium) in a 96-well plate and allowed to adhere for 1 h. Each measured time point of the experiment required one 96-well plate with three allocated wells per strain. L. pneumophila cultures were diluted in LoFlo to 2.5 ϫ 10 4 /ml. Medium was removed from adhered cells and replaced with 200 l of L. pneumophila dilutions. Plates were centrifuged at 1,000 ϫ g for 5 min and incubated at 37°C for A. castellanii or 23°C for D. discoideum. As an input control, 20 l of a 1:100 dilution of each strain used for infection was plated onto charcoal yeast extract agar, and colonies were counted after a 3-day incubation at 37°C.
After centrifugation, one plate for A. castellanii (t ϭ 0) was imaged by confocal microscopy using a Nikon Eclipse TE300 microscope with a PerkinElmer Life Sciences UltraVIEW spinning disk system and a Hamamatsu Orca Flash 4.0 C-MOS camera. A Nikon 20ϫ Plan Fluor objective was used in combination with filters 488-10BP/525-50BP and bright field. Image evaluation was carried out with Velocity version 6.0.1 software (PerkinElmer Life Sciences). Confocal images of the GFP channel and bright field were captured for each time point.
Quantitative plating assays were performed to complement microscope images because GFP expression could vary between strains. To this end, the infected cells were lysed after microscopic imaging at a given time point, and bacterial dilutions were plated onto charcoal yeast extract agar following the method described previously for colony counting (47) . D. discoideum amoebae were lysed and plated without imaging. Colony counts for L. pneumophila growth in cells not cultured under phytate load followed the same procedure in the absence of phytate supplementation.
Competitive growth in A. castellanii between wild type and lppA deletion strains was performed as described (47) . Finally, the observation of PtdIns(4)P in D. discoideum by GFP-SidC P4C was carried out as described previously (21) .
Statistical Methods-Differences between L. pneumophila strains were evaluated by two-tailed unpaired Student's t test assuming unequal variances. Statistical error of the mean is presented as Ϯ one S.D. with 95% confidence intervals.
RESULTS
The Type IV Translocated Cysteine Phosphatase LppA Hydrolyzes Phytate and PIs in Vitro-A PSI-BLAST search using the phosphatase consensus sequence HCXXGXXRT identified in the genome of L. pneumophila strain Philadelphia-1 (taxid: 272624) a predicted 36.3-kDa protein, Lpg2819, annotated as a putative protein-tyrosine phosphatase II of the DSP superfamily. The only other protein thus identified is annotated as a lysophospholipid acyltransferase. The same search with generic L. pneumophila (taxid: 446) yielded results for "protein tyrosine phosphatase" in all sequenced strains. Finally, a search of all available genomes of the family Legionellaceae (taxid: 118969) yielded a hit for at least nine different Legionella spp. Lpg2819 is conserved with shared synteny among all L. pneumophila strains sequenced thus far (including Philadelphia-1, Paris, Lens, Corby, Alcoy, 130b/AA100, and Lorraine) as well as in Legionella longbeachae (64% identity), L. shakespearei (64% identity), and L. dumoffii (62% identity).
A closer bioinformatic inspection of Lpg2819 revealed an overall similarity to cysteine phytases of Clostridium (39% identity), Stigmatella (36% identity), Pseudomonas (34% identity), and Xanthomonas spp. (32% identity) as well as to PhyA from S. ruminantium (30% identity) (29, 39, 48) (Fig. 1A) . The P-loop consensus sequence of Legionella spp. is strictly conserved in the phytases from Clostridium acetobutylicum and Stigmatella aurantiaca. Based on these similarities and the catalytic activities of recombinant Lpg2819 (see below), we termed the protein Lpg2819 "LppA" (Legionella pneumophila phytase A).
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LppA is not predicted to be translocated and has not been identified as an Icm/Dot T4SS substrate using bioinformatics or experimental approaches (49 -52) . To determine whether LppA is translocated by the Icm/Dot T4SS, we constructed an N-terminal fusion with the calmodulin-dependent adenylate cyclase CyaA that allows assessment of the production of cAMP upon translocation of the fusion protein to host cell cytoplasm. To this end, RAW 246.7 macrophages were infected with either wild type L. pneumophila or the translocation-defective ⌬icmT mutant strain producing the CyaA-LppA fusion protein (Fig.  1B) . Calmodulin-dependent production of cAMP was only observed upon infection with wild type L. pneumophila; therefore, LppA represents a hitherto unrecognized substrate of the Icm/Dot T4SS. Similarly, the positive control CyaA-RalF was translocated into the host cells in an Icm/Dot-dependent manner. These findings imply that LppA has access to the host cell cytoplasm and performs an intracellular function.
To test potential phytase activity of LppA, we performed a phosphate release assay and compared its activity with that of S. ruminantium PhyA. Under the conditions tested, purified GST-LppA hydrolyzed phytate at an initial rate of 5 pmol/s/g of protein, confirming its activity as an efficient phytase (Fig.  1C) . The rate of GST-LppA was approximately twice as fast as that of GST-PhyA tested under these conditions. In order to determine the amino acids essential for enzymatic activity, we constructed point mutations in the putative catalytic motif. Mutations of the catalytic residue Cys 231 or Arg 237 to Ala resulted in loss of phytase activity (Fig. 1D) . Moreover, replacing Gly 236 with a more bulky and charged amino acid, Asp, also abolished phytate hydrolysis, whereas changing Lys 235 to Ala did not alter the activity. Taken together, L. pneumophila produces a translocated cysteine phosphatase that in vitro shows a 2-fold higher phytase activity than PhyA and harbors the conserved amino acids Cys 215 and Arg 221 implicated in catalysis.
LppA Hydrolyzes Phosphoinositides in Vitro and Produces
PtdIns(4)P-Given that inositol phosphates make up the identity-defining headgroup of PI lipids, we tested whether these derivatives of phytate could be metabolized by LppA in vitro. The P-loop consensus sequence of the L. pneumophila phytase is similar to those of the mammalian and bacterial PI phosphatases ( Fig. 2A) . In fact, the catalytically active site of LppA (HCRGGKGRT) is almost identical to the human PI 3-phosphatase PTEN (HCR/KAGKGRT) and very similar to the mycobacterial PI phosphatase MptpB (HCFAGKDRT). Therefore, we also tested the putative PI phosphatase activity of the enzyme toward dioctyl-PI lipids. LppA dephosphorylated the diphosphorylated PIs PtdIns(3,4)P 2 and PtdIns(4,5)P 2 very efficiently, followed by PtdIns(3,4,5)P 3 as a substrate and, with ϳ20 times lower activity, PtdIns(3,5)P 2 (Fig. 2B) . A 100-fold higher amount of enzyme was required to observe poor activity toward monophosphorylated PIs (Fig. 2C) .
To analyze the PI product(s) generated by LppA in vitro, we treated nitrocellulose membranes spotted with all seven PIs and other lipids with the enzyme and subsequently performed a protein-lipid overlay using the PtdIns(4)P-specific probe GST-SidC P4C (Fig. 2D) . GST-SidC P4C bound on untreated control membranes exclusively to the PtdIns(4)P spot as described previously (18) . In contrast, on membranes pretreated with LppA, GST-SidC P4C also bound to the spots initially occupied by PtdIns(3,4)P 2 , PtdIns(4,5)P 2 , or PtdIns(3,4,5)P 3 , indicating that PtdIns(4)P is the major PI product of the phosphatase. In parallel, the LppA-treated membrane was probed with GST-LpnE to detect PtdIns(3)P, yet the fusion protein bound only to the initial PtdIns(3)P spot, indicating that no PtdIns(3)P was produced by the phosphatase LppA (Fig. 2E) . Thus, in vitro LppA also rapidly metabolizes polyphosphorylated PI lipids containing a 4-phosphate residue to yield PtdIns(4)P.
High Resolution Structure of L. pneumophila LppA-Toward understanding LppA function at the molecular level, we determined the crystal structure of the phytase apo-form by molecular replacement at 1.4 Å resolution. The data collec- tion and refinement statistics are listed in Table 3 , and a structure-based alignment of LppA with PhyA is shown in Fig. 3A . The current model of LppA consists of amino acid residues 26 -314 (chain B in the unit cell tetramer) and reveals an overall structure of a mainly ␣-helical globular protein stabilized by four antiparallel ␤-sheets (Fig. 3B) Fig. 2A) . Also located in the catalytic pocket, Asp 202 probably acts as a general acid and donates a proton to form myo-inositol pentakisphosphate. In the second step of the phosphatase reaction, Asp 202 might act as a general base accepting a proton from a nearby water molecule (at a distance of 3.4 Å), which upon nucleophilic attack liberates phosphate and regenerates the active cysteinylphosphatase.
The second phosphate, which cannot be directly hydrolyzed, is coordinated by Gly 236 , Arg 277 , and Tyr 286 and is further sta- bilized by His 203 and the neighboring phosphate (Fig. 3D) . The arrangement of the two adjacent phosphate moieties bound to LppA is in agreement with a model proposed for the phytase PhyA from S. ruminantium, suggesting that after hydrolytic removal of the first phosphate, myo-inositol pentakisphosphate rotates, and a second phosphate is placed in the vicinity of the catalytically active cysteine to be subsequently hydrolyzed in a stepwise manner (39) .
Comparison of L. pneumophila LppA and S. ruminantium PhyA-The phytase LppA is structurally similar to the S. ruminantium phytase PhyA in its apo-form (Protein Data Bank code 1U24). C ␣ superimposition of PhyA onto LppA results in a root mean square deviation of 1.6 Å over 254 residues and 28% sequence identity (Fig. 4A ). Significant differences in structure are seen at the N and C termini that extend by 11 and 9 residues in PhyA, respectively. Furthermore, LppA is lacking a loop present in PhyA (amino acids 88 -99). These results are in good agreement with the overall similarity of LppA and PhyA, which share 30% sequence identity.
The P-loop sites of LppA (HCRGGKGRT) and PhyA (HCEAGVGRT) are 66% identical, and the phosphate groups bound by LppA superimposes with S4 and S5 of the inhibitor myo-inositol hexasulfate (IHS) that was co-crystallized with PhyA from S. ruminantium (PDB code 1U26) (Fig. 4B) . It is noteworthy that Arg 232 and Arg 277 , coordinating in LppA the phosphate residues in the catalytic or the non-catalytic site, respectively, are replaced by acidic amino acids in PhyA (Glu   242   and Asp  289 ) . Moreover, LppA Lys 235 is not conserved in PhyA, and accordingly, its replacement by Ala did not affect the catalytic activity of LppA (Fig. 1D) . In contrast, mutation of PhyA His 213 or Tyr 298 , which form the substrate-binding pocket and are conserved in LppA (His  187 and Tyr  270 ) , caused a significant decrease in phytase activity by 52 and 92%, respectively (39) . In summary, these findings suggest a similar mechanism of phytate binding and catalysis of LppA and PhyA.
Phytate Reversibly Inhibits L. pneumophila Growth and Is Counteracted by LppA or Micronutrient Supplementation-To investigate the effect of phytate on the growth of L. pneumophila in AYE broth, the compound was added to a bacterial culture in early exponential growth phase (Fig. 5A ). Under these conditions, 10 mM phytate caused growth stasis of L. pneumophila. The bacteria were subsequently pelleted, suspended in fresh AYE medium, and allowed to grow again. After phytate was removed, L. pneumophila resumed growth at the initial rate. Therefore, phytate is not toxic to L. pneumophila but reversibly inhibits growth of the bacteria and thus exerts a bacteriostatic rather than a bactericidal effect.
Next, we thought to assess the effect of LppA on growth inhibition by phytate. To this end, an L. pneumophila mutant strain lacking lppA (⌬lppA) was generated by double homologous recombination. Western blots using a polyclonal antiLppA antibody revealed that the ⌬lppA mutant strain did not produce LppA anymore, yet phytase production was restored upon expression of plasmid-encoded lppA (pWS31) (Fig. 5B ) (data not shown). Moreover, upon overproduction of LppA by wild type L. pneumophila, some phytase was detected in the supernatants of bacterial cultures. Growth of L. pneumophila wild type, ⌬lppA, or wild type overproducing LppA in AYE medium supplemented with 0 -5 mM phytate was monitored by measuring the optical density of the culture. In the absence of phytate, the L. pneumophila strains grew indistinguishably. The addition of phytate inhibited bacterial growth in a dose-dependent manner, and a 5 mM concentration of the compound completely abolished bacterial replication (Fig. 5C) . L. pneumophila lacking lppA was slightly more susceptible to phytate upon growth at 24°C but not at 37°C, regardless of whether complex AYE or chemically defined minimal medium was used (data not shown). On the other hand, the wild type strain overproducing LppA grew significantly better at phytate concentrations ranging from 1 to 4 mM. Thus, LppA phytase (released from the bacteria) counteracts the bacteriostatic effect of phytate (Fig. 5, B and C) .
Phytate is a strong chelator and complexes iron, calcium, zinc, and magnesium among other micronutrients (37) . In order to test whether the bacteriostatic effect of phytate on L. pneumophila is due to its chelating properties, we added the compound in the presence of equimolar concentrations of micronutrients (iron, zinc, magnesium, or calcium) to bacterial Type IV Translocated Legionella Phytase DECEMBER 5, 2014 • VOLUME 289 • NUMBER 49 cultures growing in AYE medium and assessed growth. Whereas 10 mM phytate (or the positive control EDTA) completely blocked the growth of L. pneumophila, the concomitant addition of 10 mM micronutrients reversed the inhibition (Fig.  5D) . In summary, supplementation of phytate with equimolar concentrations of metal ions reversed the bacteriostatic effects of phytate; therefore, growth inhibition is due to micronutrient deprivation by the chelator.
LppA Promotes Intracellular Replication of L. pneumophila in Phytate-loaded Amoebae-To determine whether phytate plays a role in intracellular replication of L. pneumophila, we preloaded A. castellanii or D. discoideum with the chelator. To this end, the amoebae were initially treated with 2.5 mM phytate, and the concentration was increased every 2 days up to 10 mM for A. castellanii or 5 mM for D. discoideum. Shortly before an experiment, the amoebae were washed and suspended in LoFlo medium. The phytate-loaded amoebae were then infected with GFP-producing L. pneumophila wild type, ⌬icmT, ⌬lppA, or complemented ⌬lppA strains. Bright field and GFP fluorescence microscopy images were taken for infected A. castellanii.
Images immediately following infection show an even distribution of amoebae and L. pneumophila (Fig. 6A) . After 48 h, amoebae infected with wild type L. pneumophila or the complemented ⌬lppA mutant strain predominantly had rounded up, which is a characteristic of advanced L. pneumophila infection. The bright field channel shows that the majority of the cells are filled with bacteria, many of which are producing GFP.
The synthesis of GFP was rather low and heterogeneous for the complementation strain, producing a short lived GFP. In contrast, amoebae infected with L. pneumophila lacking lppA remained largely attached, the morphology of most amoebae was similar to cells infected with ⌬icmT, and only a few amoebae were observably filled with bacteria. By 72 h postinfection, A. castellanii infected with wild type L. pneumophila were full of actively moving bacteria ready for exit (supplemental Movie S1), and many amoebae infected with the complemented ⌬lppA mutant strain had burst, releasing the intracellular bacteria (supplemental Movie S2). Replication of the ⌬lppA mutant strain increased over the 48 h time point but was still considerably lower than replication by wild type or complementation strains (supplemental Movie S3), and many cells resembled the ⌬icmT-infected amoebae (supplemental Movie S4).
Intracellular growth of the L. pneumophila strains in phytate-loaded A. castellanii or D. discoideum was also quantified by determining cfu (Fig. 6, B and C) . Colony counts at the onset of infection were even across all strains, and ⌬icmT mutant bacteria used as a negative control disappeared over time. Using cfu as readout for intracellular replication, significantly fewer bacteria lacking lppA were counted after 48 or 72 h of infection, and the growth defect was fully complemented by providing the gene on a plasmid.
We also tested the possible role of lppA in intracellular growth of L. pneumophila in A. castellanii or D. discoideum cultured in the absence of phytate. To this end, the amoebae were grown in standard medium and infected with L. pneumophila wild type, ⌬icmT, ⌬lppA, or complemented ⌬lppA strains, and intracellular growth was determined by cfu after 48 h infection. However, under these conditions, the deletion or overexpression of lppA did not affect intracellular bacterial growth (Fig. 6D) (data not shown) . Moreover, upon co-infection of A. castellanii with L. pneumophila wild type and ⌬lppA at a 1:1 ratio, the mutant strain was not outcompeted for up to 18 days (data not shown). Finally, lppA did not affect the growth of L. pneumophila in RAW 264.7 macrophages, for which phytate was toxic (data not shown). In summary, these findings indicated that the L. pneumophila translocated phytase LppA provides an intracellular growth advantage in phytate-loaded amoebae, such as A. castellanii or D. discoideum.
LppA Does Not Play a Major Role in the Modulation of the LCV PI Pattern-LppA is translocated into host cells and in vitro efficiently hydrolyzes PI lipids to yield PtdIns(4)P (Fig. 2) . Thus, we hypothesized that LppA might also modulate the LCV PI pattern in L. pneumophila-infected cells. To compare the dynamics of PtdIns(4)P accumulation on LCVs harboring wild Type IV Translocated Legionella Phytase DECEMBER 5, 2014 • VOLUME 289 • NUMBER 49 type or ⌬lppA mutant bacteria, we performed live cell imaging using specific PI probes (21) . Upon infection of D. discoideum amoebae producing GFP-SidC P4C with L. pneumophila, LCVs harboring wild type or ⌬lppA bacteria accumulated PtdIns(4)P to the same extent within 1 or 2 h postinfection (Fig. 7, A and B) . The LCVs were similar in size and GFP-SidC P4C signal intensity, and PtdIns(4)P persisted on LCVs containing replicating bacteria. Similar results were obtained upon staining the endogenously produced PtdIns(4)P-binding effector SidC on LCVs harboring wild type or ⌬lppA L. pneumophila (data not shown). Finally, LCVs harboring L. pneumophila wild type or ⌬lppA mutant bacteria were decorated to the same extent with the ER marker calnexin (data not shown). Taken together, the translocated L. pneumophila phytase LppA does not appear to modulate the LCV PI pattern in infected cells.
DISCUSSION
In this study, we identified the chelator phytate as an intracellular bacteriostatic compound, and we provide evidence that the T4SS-translocated L. pneumophila phytase LppA counteracts bacterial growth restriction by phytate by hydrolyzing and thus inactivating the chelator. L. pneumophila requires iron for growth (53) , and accordingly, the standard AYE growth medium contains 0.6 mM iron. The bacteria possess a number of iron uptake systems, including the siderophore legiobactin and the ferrous iron transmembrane transporter FeoB (54) . The requirement for iron and possibly other micronutrients provides a rationale for the susceptibility of L. pneumophila to the chelator phytate (Fig. 5) . The sensitivity of L. pneumophila to phytate also suggests that under the conditions tested, the bacteria do not use phytate as a source of phosphorus or as a siderophore for micronutrients, which has been described for X. oryzae (34) or P. aeruginosa (35, 36) , respectively.
Upon extracellular growth in AYE broth, an L. pneumophila strain lacking lppA was only slightly more susceptible to phytate. The mild phenotype was observed only at a low growth temperature of 24°C and not at 37°C, regardless of whether complex AYE or chemically defined minimal medium was used (data not shown). In contrast, the wild type strain overproducing LppA grew significantly better in the presence of 1-4 mM phytate (Fig. 5C ). The overproduction of LppA resulted in a portion of the phytase being released by the bacteria (Fig. 5B) . Therefore, these findings are in agreement with the notion that LppA in the growth medium counteracts the bacteriostatic effect of phytate. The polyanionic compound phytate is expected to be largely membrane-impermeable and might not be taken up actively by L. pneumophila. Hence, under extracellular conditions where LppA is not translocated into a host cell, the absence of the phytase does not result in a pronounced growth defect.
Amoebae, in particular the social soil amoeba D. discoideum, produce phytate in the millimolar range (31) (32) (33) . Phytate concentrations above 1-2 mM inhibit the extracellular growth of L. pneumophila (Fig. 5C ), very likely due to the chelation of micronutrients (Fig. 5D) . It is challenging to quantify the intracellular concentrations of micronutrients and the intracellular micronutrient requirements of L. pneumophila in host cells, yet the intracellular production of phytate in millimolar quantities seems sufficient to reduce or even deplete from pathogen-accessible intracellular compartments the micronutrients essential for L. pneumophila. We showed that D. discoideum as well as A. castellanii preloaded with phytate (but not amoebae grown in standard media) restrict intracellular growth of L. pneumophila in an lppA-dependent manner (Fig. 6 ). Perhaps the micronutrients available under the laboratory conditions used overcompensated the endogenous phytate produced by the amoeba.
Protozoa take up solutes via macropinocytic processes, and the macropinosomes formed probably communicate with LCVs. In support of this notion, L. pneumophila itself is taken up by phagocytes by macropinocytic rather than phagocytic processes (21, 55) . Thus, the exogenously added phytate might reach the pathogen compartment through vesicle fusion, yet transmembrane transport processes might also play a role. Notably, the obligate intra-amoebal bacterium Candidatus Protochlamydia amoebophila, produces a putative cysteine phytase (32% identity with LppA) (29) . This finding suggests that the phytate-containing compartment communicates with the bacterial symbiont and that degradation of intracellular phytate might also be beneficial for survival and replication of this bacterium.
Although LppA hydrolyzes phytate as well as polyphosphorylated PI lipids in vitro, only the phytase activity appears to be relevant in infected cells (Figs. 6 and 7) . Other L. pneumophila Icm/Dot substrates, such as the PI phosphatases SidF and SidP, as well as host PI-metabolizing enzymes seem to modulate and define the LCV PI pattern. This is consistent with the notion that LppA apparently plays only a minor if any role in LCV formation. Cysteine phytases are characterized by the catalytic motif HCX 2 GX 2 R, of which the Cys and Arg residues are catalytically essential and His and Gly are important for conformation of the P-loop (39) . Whereas the catalytic motif of LppA (HCRGGKGRT) is 66% identical to PhyA (HCEAGVGRT), it shares 89% identity with the mammalian PI 3-phosphatase PTEN (HC(R/K)AGKGRT) ( Fig. 2A) . Because both PTEN and LppA (Fig. 2B ) effectively metabolize PtdIns(3,4,5)P 3 and the main PI product of LppA in vitro is PtdIns(4)P (Fig. 2, D and E) , it is tantalizing that LppA apparently does not function as a PI phosphatase in infected cells.
The results obtained in this study emphasize the critical role of micronutrients for intracellular pathogens. As an antibacterial strategy against vacuolar pathogens, micronutrient deple- tion by the chelator phytate might function in parallel with transporters that remove metal ions from the pathogen vacuole. Accordingly, the transmembrane proteins Nramp-1 and Nramp-2 have been shown to pump iron from vacuoles (LCVs) to the cytoplasm of D. discoideum (56, 57) . Whereas the eukaryotic cell limits the availability of micronutrients by producing chelators and ion pumps, the intracellular pathogen L. pneumophila developed means to counteract the bacteriostatic strategy. Thus, our study reveals the potential to exploit intracellular micronutrient deprivation as an antibacterial strategy. Specifically, phytases or other microbial chelator antagonists might represent targets to control intracellular growth and virulence of bacterial pathogens.
